Manganese lipoxygenase (Mn-LOX) catalyzes rearrangement of bis-allylic S hydroperoxides to allylic R hydroperoxides, but little is known about the reaction mechanism. 1-Linoleoyllysoglycerophosphatidylcholine was oxidized in analogy with 18:2n-6 at the bis-allylic carbon with rearrangement to C-13 at the end of lipoxygenation, suggesting a "tail first" model. 
INTRODUCTION
Lipoxygenases constitute a gene family of non-heme metalloenzymes with conserved metal ligands, which oxygenates polyunsaturated fatty acids to hydroperoxides and related compounds (1) . Lipoxygenases occur in plants and mammals and are of considerable medical and biological interest (2, 3) . Lipoxygenation occurs by hydrogen atom abstraction at the bis-allylic carbon of 1Z,4Z-pentadienes of fatty acids followed by O 2 
In the next step, the catalytic base is regenerated with formation of the hydroperoxide:
Experimental and density functional studies of the H atom abstraction by soybean lipoxygenase (sLO-1) suggest a proton-coupled electron transfer mechanism (PETC) by which the electron and the proton are transferred separately (5-7).
Autoxidation of polyunsaturated fatty acids also occur by abstraction of hydrogen at bis-allylic carbons with formation of peroxyl radicals, yet lipoxygenation and autoxidation differ in other aspects. Lipoxygenases form cis-trans conjugated hydroperoxides with stereo and position selectivity, and the initial hydrogen abstraction is associated with a large kinetic isotope effect (k H /k D ~40), which is due to tunneling of the deuterium atom (8) . The corresponding kinetic isotope effect during autoxidation is in agreement with classical theory (k H /k D 5-6; (9)). Autoxidation of polyunsaturated fatty acids generates both unconjugated and cis-trans and trans-trans conjugated hydroperoxides (10) (11) (12) . The spin density of the carbon centered radical is highest at the bis-allylic carbons (13) and the major products are formed by oxygenation at these positions. Rearrangement of these bisallylic peroxyl radicals to allylic radicals occurs rapidly with a rate constant of ~2 ) between the resting and the active form of the enzyme in analogy with Fe-lipoxygenases and that the metal coordinating residues are virtually identical (16) (17) (18) (19) .
Oxygenation of bis-allylic carbons by Fe-lipoxygenases has so far only been reported for the recombinant lipoxygenase domain of allene oxide synthase of Plexaura homomalla, which transforms 20:3n-6 to the bis-allylic hydroperoxide at C-10 (~5%) and to the allylic hydroperoxide at C-8 (20) . Whether the bis-allylic hydroperoxide at C-10 was subject to rearrangement was not reported. 11-HPODE is a poor substrate of sLO-1 (15), but huge amounts of sLO-1(36 600 U ml -1 , about 0.25 mg ml -1 ) catalyze rearrangement of 11-HPODE slowly (21) .
It is of interest to compare the rearrangement of bis-allylic hydroperoxides to cistrans conjugated hydroperoxides during autoxidation and Mn-LOX catalysis, as the reaction mechanisms may differ. A key intermediate is the unstable bis-allylic peroxyl radical, which transforms to an allylic peroxyl radical via β-fragmentation and oxygenation at an allylic position during autoxidation (11, 12) :
The LOO-H bond dissociation enthalpy (BDE) is about 88 kcal/mol, and it is likely that LOO· is formed during autoxidation by hydrogen abstraction by radical species (12) . Mn-LOX catalyzes rearrangement of bis-allylic hydroperoxides likely by formation of the bisallylic peroxyl radical, β-fragmentation, and oxygen insertion at the n-6 (or n-8) position under steric control by the enzyme.
How can bis-allylic peroxyl radicals be generated from bis-allylic hydroperoxides (24, 25) . Homolytic cleavage by Mn-LOX is influenced by the position of the hydroperoxide in the active site, as judged from effects of the substrate chain length and the double bond configuration (25) . It seemed possible that these factors also might influence rearrangement of bis-allylic hydroperoxides to allylic.
The aim of the present study was to study factors controlling rearrangement of bisallylic hydroperoxides by Mn-LOX. The first goal was to confirm that the fatty acids bind "tail first" in the active site of Mn-LOX during rearrangement in the same was as during oxygenation (26) . The second goal was to determine the influence of the Gly316Ala mutant on the rearrangement reaction. This mutant changed the position of oxygenation and the interaction of the hydroperoxides with the catalytic metal (25) . D 2 O could be expected to increase the pK a for peroxide anions by 0.4, and this solvent deuterium isotope effect might conceivably reduce both the concentration of the anion and the rate of rearrangement.
Finally, we investigated whether mutants of presumed amino acids of the first and second coordinating sphere in a hydrogen bond network might affect the rearrangement. Asn694
and Glu697 of sLO-1 belong to this group of amino acids (4) and the homologous residues of Mn-LOX are Asn466 and Ser469 (18, 19) . cholesterol esterase (porcine pancreas) and 2 H 2 O (99.98%) were from Sigma-Aldrich. Sitedirected mutagenesis of Mn-LOX was performed as described and the expression constructs were sequenced (19) . Recombinant Mn-LOX, Mn-LOX G316A, Mn-LOX N466L, and Mn-LOX S469A were expressed in P. pastoris (strain X-33) as secreted proteins using the expression vector pPICZAα (19) . The recombinant enzymes were purified from the growth medium by hydrophobic interaction chromatography as described (14, 19) , concentrated by diafiltration, and stored at +4 o C.
EXPERIMENTAL PROCEDURES Materials

Mn-LOX Assay
Light absorbance was measured with a dual beam spectrophotometer (Shimadzu UV-2101PC) with 1 cm path length. The cis-trans conjugated hydro(pero)xy fatty acids were assumed to have an extinction coefficient of 25 000 cm -1 M -1 (27) . 
HPLC-MS/MS
Reversed phase-HPLC (RP-HPLC) with MS/MS analysis was performed with Normal phase-HPLC (NP-HPLC) with MS/MS analysis was performed on silica with an analytical column (Kromasil-100SI; 250 x 2 mm, 5 µm, 100Å), which was eluted at 0.3 ml/min with 5% isopropanol in hexane with 0.05 ml acetic acid L -1 (Constrametric 3200 pump, LDC). The effluent was combined with isopropanol/water (3/2; 0.2 ml/min) from a second pump (Surveyor MS pump) as described (26) . The combined effluents were introduced by electrospray into the ion trap mass spectrometer (LTQ). Chiral phase-HPLC (CP-HPLC) was performed with Chiralcel OD (25x0.46 cm; Daicel through Skandinaviska GeneTech, Kungsbacka, Sweden) and eluted with 5% isopropanol in hexane with 0.1% acetic acid (0.5 ml/min). The effluent was analyzed by PDA, mixed with isopropanol/water (3/2; 0.3 ml/min) and subject to by MS/MS analysis of carboxylate anions. lysoGPC was performed with cholesterol esterase as described (29) .
RESULTS AND DISCUSSION
18:3n-3 was rapidly oxidized by Mn-LO, as shown by Fig. 1A , and the kinetic parameters (K m 2.4 µM, V max 17.6 µmol min -1 mg -1 , and k cat 2400 min -1 ) have been reported previously (14) .
During the rapid linear phase of biosynthesis of UV absorbing products at 237 nm (13-HPOTrE, traces of 9-HPOTrE), the apparent amounts of the two main products were estimated by LC-MS/MS analysis. 11-HPOTrE averaged 25 % (range 22-27%) and 13-HPOTrE about 75%. The first linear increase in UV absorbance was followed by a second linear phase (at a rate of 13-15% of the first), during which 11-HPOTrE was converted to 13-HPOTrE (15) . The rearrangement of 11-HPOTrE occurred slowly when low amounts of enzyme were used (4 nM Mn-LOX; Fig. 1A) and this provided a practical way to generate 11-HPOTrE.
20:4n-6 is a poor substrate of Mn-LOX and required large amounts of enzyme for rapid transformation (25, 26) . Oxidation of 20:4n-6 by Mn-LOX and analysis of the products is illustrated in Fig. 1B . Analysis of products during the rapid and almost linear increase in UV absorbance at 235 nm, which is mainly due to formation of 15R-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HPETE) (26) , showed that 13-hydroperoxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid (13-HPETE) accounted for about 10-14% of the products during the upper part of the linear phase. This number was below 1% already at the peak of UV absorbance, and <0.1% at later time points (data not shown). In comparison with 20:3n-3, the bis-allylic hydroperoxide of 20:4n-6 was rearranged rapidly.
Oxygenation of dilinoleoyl-PGC suggested that fatty acids bind the active site of Mn-LOX "tail first" (26) , but it has not been confirmed whether bis-allylic hydroperoxides bind in the same way for rearrangement. Mn-LOX oxidized soybean L α -lysoGPCs much more efficiently than 1-palmitoyl-2-linoleoyl-GPC and dilinoleoyl-GPC ( Fig. 2A) . Homolytic cleavage of hydroperoxides of L α -lysoGPCs to keto fatty acids occurred at the end of lipoxygenation, as judged from a decrease in UV absorbance at 235 nm and an increase in UV absorbance with a broad maximum at 280 nm (isobestic point 259 nm 2B ). LC-MS/MS analysis and UV analysis showed that 1-linoleyol-lysoGPC was oxidized by
Mn-LOX to a hydroperoxy metabolite with UV absorbance maximum at 235 nm (Fig. 2C) . A slightly more polar metabolite lacking significant UV absorbance at 235 nm was also formed. (Fig. 2D) .
We next examined transformation of 11-HPOTrE to 13-HPOTrE by Fe , and the UV absorbance at 237 nm was followed for 10 min, but it remained unchanged (Fig. 3A) . The presence of 11-HPOTrE was confirmed by addition of Mn-LO, which rapidly transformed 11-HPOTrE to 13-HPOTrE as indicated in Fig. 3A The solvent deuterium isotope effect on sLO-1 kinetics has been thoroughly investigated (4, 30) . Substituting H 2 O with D 2 O has virtually no effect on k cat of sLO-1 at room temperature (30) . The solvent deuterium isotope effect on rearrangement of bis-allylic hydroperoxides has not been studied. Fig. 3B illustrates the rearrangement of 11-HPOTrE by Mn-LOX in 0.1 M NaHPO 4 (pH 7.5 and pD 7.5). After an initial kinetic lag phase, during which Mn-LOX likely is fully transformed to its active form by the produced 13-HPOTrE, the linear rate of oxygenation appeared to be virtually identical in the two solvents. We next examined the effect of substrate chain length on bis-allylic hydroxylation and rearrangement. 20:2n-6 was oxygenated to 15-hydroperoxy-9Z,11E-hydroxyeicosadienoic acid was apparently rearranged to 15-HETrE, and 1-hydroperoxy-10E,12Z,15Z-eicosatrienoic acid (11-HPETrE) was also transformed to other products. NP-HPLC-MS/MS and UV analysis showed that 15-HETrE was the main product (Fig. 4C) . The isomer of 15-HETrE with 9E,11E configuration could not be detected. This ruled out that 11-HPETrE was subject to hydroperoxide rearrangement.
Mn-LOX oxidizes 16:3n-3 at the n-3 position with R configuration (26) , and this was also apparently the case with 11-HPOTrE. 11-HPOTrE was oxidized by Mn-LOX to two diastereoisomers of 11,18-DiHETrE, as indicated by RP-HPLC-MS/MS and UV analysis ( Fig. 6A ). 13-HEDE was rearranged to 15-HEDE at the end of lipoxygenation (data not shown). The G316A mutant oxidized 20:3n-3 mainly at C-11 and to some extent at C-13 and C-15 (inset in Fig.   6B ). However, the rearrangement of 13-HPETrE to 15-HPETrE, the oxygenation of 11-HPETrE to 11,18-DiHETrE, and the homolytic cleavage of 15-HPETrE to 15-keto-11Z,14E,17Z-eicosatrienoic acid appeared to be much slower than with the native enzyme, as judged from the progression curve and the MS/MS analysis ( Fig. 6B and inset) .
Although G316A oxidized both 20:2n-6 and 20:3n-3 at C-11, C-13 and C-15, the rearrangement of the bis-allylic hydroperoxides at C-13 thus differed.
Lipoxygenases contain three conserved residues in the sequence HxxxNxxQ. The histidin residue is an iron and manganese ligand, which is conserved along with the glutamine residue in Fe-lipoxygenases 1 . The Asn694 residue in this sequence of sLO-1 belongs to the first coordinating sphere, and a hydrogen bond network has been identified between Asn694 and two residues of the second coordinating sphere, Gln697 and Gln495 (4). Asn694 and Gln495 are conserved in Mn-LOX as Asn466 and Gln281, whereas Ser469 is present in the homologous position of Gln697. We assessed whether Ans466 and Ser469 of the presumed first and second coordinating spheres affected the rearrangement of bis-allylic hydroperoxides.
Mn-LOX S469A metabolized 18:2n-6, 18:3n-3, 20:2n-6 and 20:3n-3 to the same profile of metabolites as Mn-LOX. The oxidation of 20:3n-3 is shown in Fig. 6C . Mn-LOX Asn466Leu possessed only low lipoxygenase activity, as previously reported (19) . 18:2n-6, and 18:3n-3 were oxidized to the same products as by native enzyme, and the 11-hydroperoxides of 18:2n-6 and 18:3n-3 were transformed to 13-hydroperoxides at the end of lipoxygenation. 20:2n-6 was transformed to 15-HEDE and ~5% 
